Earley, Scott, Jay S. Naik, and Benjimen R. Walker. 48-h Hypoxic exposure results in endothelium-dependent systemic vascular smooth muscle cell hyperpolarization. Chronic hypoxia (CH) results in reduced sensitivity to vasoconstrictors in conscious rats that persists upon restoration of normoxia. We hypothesized that this effect is due to endothelium-dependent hyperpolarization of vascular smooth muscle (VSM) cells after CH. VSM cell resting membrane potential was determined for superior mesenteric artery strips isolated from CH rats (PB ϭ 380 Torr for 48 h) and normoxic controls. VSM cells from CH rats studied under normoxia were hyperpolarized compared with controls. Resting vessel wall intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) and pressure-induced vasoconstriction were reduced in vessels isolated from CH rats compared with controls. Vasoconstriction and increases in vessel wall [Ca 2ϩ ]i in response to the ␣1-adrenergic agonist phenylephrine (PE) were also blunted in resistance arteries from CH rats. Removal of the endothelium normalized resting membrane potential, resting vessel wall [Ca 2ϩ ]i, pressure-induced vasoconstrictor responses, and PE-induced constrictor and Ca 2ϩ responses between groups. Whereas VSM cell hyperpolarization persisted in the presence of nitric oxide synthase inhibition, heme oxygenase inhibition restored VSM cell resting membrane potential in vessels from CH rats to control levels. We conclude that endothelial derived CO accounts for persistent VSM cell hyperpolarization and vasoconstrictor hyporeactivity after CH. rat; carbon monoxide; calcium imaging; vasoreactivity CHRONIC HYPOXIC EXPOSURE RESULTS in blunted systemic vasoconstrictor responses in conscious rats (6) that persists upon restoration of normoxia (11), which demonstrates that the consequences of chronic hypoxia (CH) are distinct from acute responses to this stimulus (5). Persistently blunted vasoconstriction after CH has been observed in response to both receptor-dependent (6, 10) and receptor-independent stimuli (23). Studies demonstrating blunted vasoreactivity following CH in isolated vessel preparations such as aortic (2, 4) and uterine artery rings (10, 25) as well as isolated diaphragmatic resistance arteries (23) suggest that this effect is an inherent vascular property and is not mediated by circulating factors or by altered sympathetic nervous system activity. Interestingly, chronic obstructive pulmonary disease patients exhibit chronic vasodilation of the forearm circulation that is proportional to the degree of hypoxemia present (3), which suggests that attenuated vasoconstriction may be associated with this pathology.
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Ionic conductances regulate the contractile state and reactivity of blood vessels. For example, voltage-dependent Ca 2ϩ channels (VDCCs) account for a significant portion of Ca 2ϩ influx into vascular smooth muscle (VSM) cells (8) . VSM resting membrane potential (RMP) largely determines the open probability (P o ) of VDCCs (18) thereby determining free intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and, ultimately, vascular tone (12) . Endothelial derived factors can influence vascular tone by altering the membrane potential and [Ca 2ϩ ] i of VSM cells. Furthermore, the synthesis and release of these factors can be modulated by environmental stimuli. For example, the production of vasoactive endothelial derived factors such as endothelin-1 (7) , nitric oxide (NO; Ref. 14) , and carbon monoxide (CO; Ref. 15 ) may be regulated by hypoxia. The goal of this study was to investigate a causal role for endothelial derived factors in blunted vasoreactivity following CH. We hypothesized that chronic hypoxic exposure results in persistent, endothelium-dependent hyperpolarization of VSM cells. Furthermore, we postulated that CH-induced VSM cell hyperpolarization leads to decreased Ca 2ϩ influx and that the resultant reduction in VSM cell [Ca 2ϩ ] i attenuates vasoconstrictor responses. To test this hypothesis, we measured VSM cell RMP in endothelium-intact and endothelium-denuded superior mesenteric artery (SMA) strips isolated from normoxic control and CH rats acutely returned to normoxia. In addition, pressure-and agonist-induced vasoconstriction and vessel wall [Ca 2ϩ ] i responses of endothelium-intact and endothelium-denuded mesenteric resistance arteries isolated from control and CH rats were determined under normoxic conditions. Further experiments were performed to elucidate which endothelial derived factors might be responsible for VSM cell hyperpolarization after CH.
METHODS

Animals
Before experimentation, male Sprague-Dawley rats (Harlan Industries) were deeply anesthetized with pentobarbital sodium (32.5 mg ip). Animals were humanely killed by exsanguination after vessels were harvested according to a protocol approved by the Institutional Animal Care and Use Committee of the University of New Mexico School of Medicine in accordance with United States Department of Agriculture and National Institutes of Health guidelines. Rats were provided with fresh bedding, rat chow, and drinking water, and a 12:12-h light-dark cycle was maintained. CH rats were exposed to hypobaric hypoxia at a barometric pressure of 380 Torr for 48 h, whereas control rats were housed in identical cages at ambient barometric pressure (ϳ630 Torr).
General Methods
VSM cell RMP. VSM cell RMP was recorded from SMA strips using glass intracellular microelectrodes. The chest and abdomen of anesthetized rats were opened, and heparin (100 U in 0.1 ml) was injected into the heart to prevent clotting. SMAs were isolated and excised, and SMA strips were secured in an organ bath with the luminal surface exposed. SMA strips were superfused (5 ml/min) with physiological saline solution (PSS) warmed to 37°C and aerated with a normoxic gas mixture consisting of 21% O 2-6% CO2-73% N2. VSM cells were impaled with microelectrodes filled with 3 M KCl (tip resistance 20-50 M⍀) inserted into the artery strip through the endothelial surface. A Neuroprobe amplifier (model 1600, A-M Systems) was used for recording membrane potential. Analog output from the amplifier was low-pass filtered at 1 kHz and routed to a Tektronix RM502A oscilloscope and a Gould chart recorder. Criteria for acceptance of membrane potential recordings included 1) an abrupt negative deflection of potential as the microelectrode was advanced into a cell, 2) stable membrane potential for at least 3 min, and 3) an abrupt change in potential to ϳ0 mV after the electrode was retracted from the cell. Generally, recordings from several VSM cells were made for each animal. The mean potential of all VSM cells recorded for a particular rat was considered as a single replicate for statistical purposes.
Resting vessel wall [Ca 2ϩ ]i. Mesenteric resistance arteries from control and CH rats were isolated and pressurized. The chest and abdomen of anesthetized rats were opened, and heparin (100 U in 0.1 ml) was injected into the heart to prevent clotting. The mesenteric arcade was excised and placed in ice-cold PSS [that contained (in mM) 129.8 NaCl, 5.4 KCl, 0.83 MgSO 4, 19 NaHCO3, 1.8 CaCl2, and 5.5 glucose] aerated with a normoxic gas mixture consisting of 21% O2-6% CO2-73% N2. The arcade was secured in a Silastic-coated petri dish containing cold, aerated PSS. Veins were removed, and resistance artery branches were cleaned of adipose tissue and transferred to a beaker of cold, aerated PSS. Vessel segments (ID ϭ 100-200 m; n ϭ 20) were dissected from the cleaned branches, transferred to a vessel chamber (Living Systems), cannulated with glass micropipettes, and secured with ligatures. Vessels were slowly pressurized to 60 Torr using a column filled with PSS and were superfused (5 ml/min) with aerated PSS warmed to 37°C.
Pressurized resistance arteries were loaded with the cellpermeant ratiometric Ca 2ϩ -sensitive fluorescent dye fura 2-AM (Molecular Probes). Fura 2-AM was dissolved in anhydrous DMSO at a concentration of 1 mM. Immediately before loading, fura 2-AM was mixed with 0.5 volumes of a 20% solution of Pluronic acid in DMSO, and this mixture was diluted with PSS to yield a final concentration of 2 M fura 2-AM and 0.05% Pluronic acid. Vessels were incubated in this solution for 45 min at room temperature in the dark. Administration of fura 2-AM to the abluminal surfaces of pressurized arterioles has been shown to preferentially load VSM cells (13) . The diluted fura 2-AM solution was aerated with normoxic gas mixture during the loading period. Vessels were equilibrated for 20 min with warmed, aerated PSS after the loading period to wash out excess dye and to allow for esterification of AM groups. Ratiometric images were collected using a Nikon Diaphot 300 microscope equipped with a ϫ10 Nikon Fluor objective (numeric aperture ϭ 0.30). Fura-loaded vessels were alternatively excited at 340 and 380 nm, and images of the respective 510-nm emissions were collected at a rate of ϳ0.3 Hz using MetaFluor 4.5 software (Universal Imaging). Resting vessel wall [Ca 2ϩ ]i was calculated as the mean 340:380 ratio from background-subtracted images for a selected region (generally the whole vessel) collected over ϳ3 min. The 340:380 ratio is linearly related to the true molar [Ca 2ϩ ]i assuming that the dissociation constant of fura 2-AM does not differ between treatment groups.
Pressure-induced vasoconstriction. Bright-field images of resistance arteries pressurized to 60 Torr were obtained immediately before fura 2-AM loading. At the end of the experiment, vessels were reequilibrated for 30 min, treated with the vasodilator papaverine (100 M), and another bright-field image was obtained. The internal and external diameters of the pre-fura-loaded and maximally dilated vessel images were measured using MetaMorph 4.5 software (Universal Imaging) that was calibrated using a stage micrometer. Pressure-induced vasoconstriction was calculated as the percent change in internal diameter before fura 2-AM loading versus the internal diameter after papaverine administration. Some vessels were further treated with the NO donor S-nitroso-N-acetylpenicillamine (SNAP; 10 M), the VDCC blocker nifedipine (1 M), or were superfused with Ca 2ϩ -free PSS [which contained (in mM) 129.8 NaCl, 5.4 KCl, 0.83 MgSO4, 19 NaHCO3, 5.5 glucose, and 3 EGTA] to validate maximal dilation after papaverine administration. Little or no further increase in diameter of endotheliumintact resistance arteries was observed after these treatments.
Phenylephrine-induced constrictor and Ca 2ϩ responses. Pressurized resistance arteries were superfused with PSS containing increasing concentrations of phenylephrine (PE, 10 nM to 10 M). Images were collected for 3 min for each PE dose, and the mean 340:380 ratio for the recording period was calculated and expressed as vessel wall [Ca 2ϩ ]i. The outer diameters of the vessels were measured for every fifth image frame for each PE dose, and means were calculated and expressed as percent change from the maximally dilated state.
Solutions. Stock solutions of PE and ACh (Sigma) were prepared in water at a concentration of 1 M. Aliquots were stored at Ϫ20°C and were diluted in PSS on the day of use. N -nitro-L-arginine (L-NNA; Sigma) was dissolved in PSS on the day of experimentation. Papaverine (Sigma) was dissolved in PSS immediately before use. SNAP (Sigma) was dissolved in ethanol at a concentration of 0.1 M on the day of experimentation and was then diluted with PSS before administration. Stock solutions of nifedipine (Sigma) were pre-pared in DMSO, stored in aliquots at 4°C in light-proof containers, and diluted with PSS immediately before administration. The heme oxygenase (HO) inhibitor zinc protoporphyrin IX (ZnPPIX; Porphyrin Products) was dissolved in 10% ethanolamine at a concentration of 100 mg/ml. NaCl was slowly added to a final concentration of 0.72%, and the pH was adjusted to 7.6-8.0 with HCl. Spectrophotometric measurements were performed to verify the final ZnPPIX concentration. ZnPPIX solutions were prepared in the dark and experiments were performed in reduced light due to the light-sensitive nature of this compound.
Experimental Protocols
VSM cell RMP, myogenic and agonist-induced vasoconstrictor responses, and vessel wall [Ca 2ϩ ]i of arteries from control and CH rats were determined for endothelium-intact and endothelium-denuded vessels. Additional experiments examined the effects of the NO synthase (NOS) inhibitor L-NNA and the HO inhibitor ZnPPIX on VSM cell RMP in endothelium-intact vessels from control and CH rats.
Endothelium-intact vessels. VSM cell RMP was measured for endothelium-intact strips of SMA isolated from normoxic control and CH rats (control, n ϭ 9; CH, n ϭ 7). In addition, resting vessel wall [Ca 2ϩ ]i, pressure-induced vasoconstriction, and PE-induced vasoconstrictor and Ca 2ϩ responses were determined for fura-loaded mesenteric resistance arteries (control and CH, n ϭ 5).
Endothelium-denuded vessels. The endothelium was removed from SMA artery strips isolated from control and CH rats (control and CH, n ϭ 6) by gentle rubbing with a cotton swab. Strips were superfused with PSS for 30 min after rubbing to wash out endothelial derived factors, and membrane potential was recorded. After completion of the recordings, the endothelium-dependent vasodilator ACh (10 M) was administered to demonstrate removal of the endothelium. VSM membrane potential remained unchanged upon ACh administration to endothelium-denuded vessels, whereas VSM cells in endothelium-intact arteries were hyperpolarized by this treatment (Fig. 4 , Table 1 ).
Resting vessel wall [Ca 2ϩ ]i, pressure-induced vasoconstriction, and PE-induced vasoconstrictor and Ca 2ϩ responses were determined for resistance arteries after removal of the endothelium (control and CH, n ϭ 5). For these experiments, endothelial cell integrity was demonstrated before removal by vasodilatory response to ACh (1 M) in the presence of PE (10 M). After a 30-min equilibration period following ACh administration, 1 ml of air was passed through the vessel lumen to inactivate the endothelium as described by others (23) . Endothelium-denuded arteries were then perfused and superfused with warmed, aerated PSS for 30 min and repressurized to 60 Torr. After a 30-min equilibration period, vessels were constricted with PE (10 M), and ACh (1 M) was administered to assess the efficacy of endothelium-removal procedures. Resistance arteries were loaded with fura 2-AM after a 30-min equilibration period following ACh administration. In contrast to endothelium-intact vessels, endothelial denuded resistance arteries further dilated upon SNAP administration after papaverine treatment. Therefore, for studies employing endothelial denuded arteries, the diameter measured after SNAP administration was used to calculate pressure and PE-induced vasoconstrictor responses.
NOS inhibition. VSM cell RMP was determined for endothelium-intact SMA strips isolated from control and CH rats in the presence of two concentrations of L-NNA (100 M; control and CH, n ϭ 6) and (500 M; control, n ϭ 6; CH, n ϭ 5). Previous experiments have demonstrated that PE-induced vasoconstriction of mesenteric arteries remains from CH rats blunted compared with controls during NOS inhibition (8) .
HO inhibition. VSM cell RMP was recorded for endothelium-intact SMA strips isolated from control and CH rats in the presence of ZnPPIX (500 nM; control and CH, n ϭ 6) or its vehicle (control, n ϭ 7; CH, n ϭ 5). A prior report from our laboratory has demonstrated that PE-induced responsiveness of small mesenteric arteries isolated from CH rats is enhanced by HO inhibition (8) .
Calculations and Statistics
All data are expressed as means Ϯ SE. Values of n refer to the number of animals in each group. Unpaired t-tests were used to make comparisons between control and CH groups for most experiments. Two-way ANOVA and subsequent Student-Newman-Keuls post hoc test were used to analyze data after HO inhibition. A probability Յ0.05 was accepted as statistically significant for all comparisons.
RESULTS
Endothelium-Intact Vessels
Consistent with our hypothesis, VSM cells in vessels from CH rats were persistently hyperpolarized compared with controls ( Fig. 1, A-C) . Furthermore, resting vessel wall [Ca 2ϩ ] i was lower in resistance arteries isolated from CH rats compared with normoxic controls (Fig. 1D ), which suggests that VSM cell hyperpolarization is associated with reduced Ca 2ϩ influx. In addition, resistance arteries from CH rats exhibited decreased myogenic tone (Fig. 1E ) and blunted PEinduced ( Fig. 2A) vasoconstrictor and vessel wall [Ca 2ϩ ] i responses (Fig. 2B) . These data demonstrate that blunted myogenic and agonist-induced vasoconstrictor responses resulting from prolonged hypoxic exposure are associated with VSM cell hyperpolarization and decreased vessel wall [Ca 2ϩ ] i .
Endothelium-Denuded Vessels
VSM cell RMP was not different between endothelium-denuded arteries isolated from control and CH rats (Fig. 3A) , which suggests that endothelial derived factors are responsible for VSM cell hyperpolarization after prolonged hypoxia. ACh administration to endothelium-denuded vessels did not alter VSM cell membrane potential (Table 1) , which demonstrates that endothelium removal was effective. In contrast, administration of SNAP (100 M) hyperpolarized VSM cells Values are means Ϯ SE; (n), no. of rats. * P Յ 0.05 vs. untreated intact control; † P Յ 0.05 vs. untreated denuded control; ‡ P Ͻ 0.05 vs. untreated denuded chronic hypoxia (CH). SNAP, S-nitroso-N-acetyl penicillamine; Em, membrane potential; VSM, vascular smooth muscle. in these tissues ( Table 1 ). Administration of both ACh and SNAP (Table 1) 
hyperpolarized VSM cells in endothelium-intact control vessels.
Similarly, removal of the endothelium abolished ACh-induced vasodilatory responses of mesenteric resistance arteries preconstricted with PE. ACh (10 M) administration resulted in a 59.2 Ϯ 8.8% reversal of PE (10 M)-induced vasoconstriction of endothelium-intact vessels, whereas the reversal for endothelium-denuded arteries was 0.07 Ϯ 1.1%. AChinduced vasodilatory responses of control and CH vessels were not different. Resistance-artery resting vessel wall [Ca 2ϩ ] i (Fig. 3B ) and myogenic tone (Fig.  3C) were normalized by removal of the endothelium, which supports the possibility that an endothelial derived factor is responsible for both reduced vessel wall [Ca 2ϩ ] i and blunted myogenic responsiveness resulting from extended hypoxic exposure. Consistently, PE-induced vasoconstrictor (Fig. 4A ) and vessel wall [Ca 2ϩ ] i (Fig. 4B) responses were also not different between endothelium-denuded vessels from control and CH rats.
NOS Inhibition
VSM cells in vessels from CH rats remained hyperpolarized compared with controls in the presence of NOS inhibition (Fig. 5 ). VSM cell RMP was not further altered when the L-NNA concentration was increased from 100 to 500 M (Fig. 5 ), which suggests that the lower dose is effective in inhibiting NO production. Fig. 1 . A: original membrane potential (Em) recording for a vascular smooth muscle (VSM) cell in a vessel from a control rat. B: original membrane potential recording for a VSM cell in a vessel from a rat treated with chronic hypoxia (CH). C: VSM cell resting membrane potentials (RMPs) for arteries isolated from control (n ϭ 9) and CH (n ϭ 7) rats. D: resting vessel wall Ca 2ϩ concentration ([Ca 2ϩ ]) of pressurized mesenteric resistance arteries isolated from control (n ϭ 5) and CH (n ϭ 5) rats. E: pressure-induced (60 Torr) vasoconstriction of resistance arteries isolated from control (n ϭ 5) and CH (n ϭ 5) rats. *P Յ 0.05 vs. control. 
HO Inhibition
Administration of ZnPPIX normalized VSM cell RMP between vessels from control and CH rats, whereas VSM cells in vehicle-treated arteries from CH rats remained hyperpolarized compared with vehicletreated controls (Fig. 6 ). VSM cells in control arteries treated with ZnPPIX were slightly depolarized compared with VSM cells in control, vehicle-treated vessels (Fig. 6 ).
DISCUSSION
The major findings of this study are 1) CH results in persistent hyperpolarization of VSM cells; 2) resting vessel wall [Ca 2ϩ ] i is decreased after prolonged hypoxic exposure; 3) agonist and pressure-induced vasoconstrictor responses of mesenteric resistance arteries are blunted as a result of extended hypoxia; 4) agonist-induced increases in vessel wall [Ca 2ϩ ] i are blunted after CH; 5) endothelium removal normalizes RMP, vasoconstrictor, and [Ca 2ϩ ] i responses for vessels isolated from control and CH rats; 6) VSM cells in vessels from CH rats remain hyperpolarized compared with controls during NOS inhibition; and 7) HO inhibition restores VSM cell RMP in arteries isolated from CH rats to control levels. These data suggest that blunted vasoreactivity after CH is associated with endothelium-dependent VSM cell hyperpolarization and decreased free [Ca 2ϩ ] i . Considering that previous studies Fig. 3 . A: VSM cell RMP for endothelium-denuded arteries isolated from control (n ϭ 6) and CH (n ϭ 6) rats. B: resting vessel wall [Ca 2ϩ ] of pressurized endothelium-denuded mesenteric resistance arteries isolated from control (n ϭ 5) and CH (n ϭ 5) rats. C: pressureinduced (60 Torr) vasoconstriction of endothelium-denuded resistance arteries isolated from control (n ϭ 5) and CH (n ϭ 5) rats. Fig. 4 . A: vasoconstriction in response to increasing doses of PE for endothelium-denuded vessels isolated from control and CH rats. B: changes in vessel wall [Ca 2ϩ ] in response to increasing doses of PE for endothelium-denuded vessels isolated from control and CH rats. have also demonstrated attenuated vasoreactivity after normobaric hypoxic exposure (2, 23) , this response is most likely a consequence of hypoxia rather than hypobaria. Furthermore, our results suggest that VSM cell hyperpolarization may result from increased production of CO by the endothelium after prolonged hypoxic exposure.
Vascular tone is largely dependent upon the free [Ca 2ϩ ] i of VSM cells (17) . Free [Ca 2ϩ ] i within VSM cells is regulated by Ca 2ϩ influx through Ca 2ϩ -specific (18) and nonselective cation (1) channels and through release of Ca 2ϩ from intracellular stores (22) . Blockade of VDCCs attenuates receptor-dependent (18) and -independent (21) VSM-cell Ca 2ϩ influx and subsequent vasoconstrictor responses, which demonstrates that these channels are the main pathway for Ca 2ϩ entry. Given that the P o of VDCCs is voltage dependent (18) , free [Ca 2ϩ ] i within VSM cells and therefore vascular tone are largely a function of RMP. Our findings demonstrate that VSM cell RMP after CH is hyperpolarized compared with controls (see Fig. 1, B-D) and that prolonged hypoxic exposure induces a parallel decrease in resting vessel wall [Ca 2ϩ ] i (see Fig. 1E ). These experiments also demonstrate that VSM cell membrane potential and [Ca 2ϩ ] i remain altered after restoration of normoxia, which suggests that the effects of CH are distinct from those of acute hypoxia. Furthermore, reduced vessel wall [Ca 2ϩ ] i after CH (see Fig. 1E ) is well correlated with blunted pressure-induced (see Fig.  1F ) and PE-induced vasoconstrictor responses ( Fig.  2A) . Thus attenuated vasoreactivity after extended hypoxic exposure likely results from VSM cell hyperpolarization and associated reduction of VSM [Ca 2ϩ ] i that persists upon restoration of normoxia.
Removal of the endothelium from arteries eliminated differences in VSM cell RMP (Fig. 3A) , resting vessel wall [Ca 2ϩ ] i (Fig. 3B) , pressure-induced vasoconstriction (Fig. 3C) , and PE-induced vasoconstrictor and [Ca 2ϩ ] i responses (Fig. 4, A and B) between control and CH groups, which suggests that VSM hyperpolarization and blunted vasoreactivity after CH may be mediated by an endothelium-derived influence. Although the endothelium may alter VSM cell RMP by direct electrical communication via myoendothelial gap junctions (20, 24) , CH-induced, endothelium-dependent VSM cell hyperpolarization may also be due to increased synthesis or release of diffusable factors. Hypoxia may influence the production of a number of vasoactive endothelium-derived substances such as prostacyclin, cytochrome P-450 metabolites of arachidonic acid (16) , NO (14) , and CO (15) . To elucidate the identity of potential CH-inducible hyperpolarizing factors, we examined the effects of NOS and HO inhibition on VSM cell RMP. Our findings demonstrate that the RMP of VSM cells in vessels from both control and CH rats is slightly depolarized by L-NNA administration. However, VSM cells from CH rats remained hyperpolarized compared with controls during NOS inhibition (see Fig. 5 ), which suggests that NO is not the hyperpolarizing factor that is persistently released after CH. These data are consistent with a previous report that demonstrates that PE-induced vasoconstriction of mesenteric resistance arteries from CH rats remains blunted compared with controls during NOS inhibition (9) . In contrast to the effects of NOS inhibition, our findings (see Fig. 6 ) as well as previous reports from our laboratory strongly support a role for endothelial derived CO in the observed attenuation of vasoconstrictor responsiveness in arteries from CH rats. For example, HO inhibition normalizes VSM cell RMP between vessels isolated from control and CH rats (see Fig. 6 ). Although VSM cells in vessels from control rats were slightly depolarized compared with VSM cells in vehicle-treated control vessels, HO inhibition had a much more profound effect on membrane potential in vessels from CH rats (see Fig. 6 ). This finding is consistent with reports from our laboratory that demonstrate that HO inhibition enhances PEinduced vasoconstrictor responsiveness in mesenteric resistance arteries isolated from CH rats (9) and restores blunted PE-induced vasoconstrictor responses to endothelium-intact aortic rings after CH (4). Furthermore, molecular studies show that aortic protein (11) and mRNA levels (15) of the inducible isoform HO-1 are increased by hypoxic exposure. Increased vascular HO-1 gene expression and subsequent elevated CO production after CH are consistent with the persistent nature of the hyperpolarizing influence demonstrated by the current study. Furthermore, renal HO enzyme activity is increased after prolonged hypoxic exposure (19) , which supports the hypothesis that increased CO production may exert a tonic vasodilatory effect. Taken together, these findings suggest that enhanced production of CO by the endothelium may be the most likely mechanism responsible for VSM cell hyperpolarization and attenuated vasoreactivity associated with prolonged hypoxia.
In summary, we have demonstrated that blunted vasoconstrictor responses after CH are correlated with persistent VSM cell hyperpolarization and decreased resting vessel wall [Ca 2ϩ ] i . These effects appear to be mediated by endothelium-derived CO acting as a hyperpolarizing factor. We conclude that blunted vasoconstrictor responsiveness after CH is mediated by increased production of CO by the endothelium, which results in VSM cell hyperpolarization and decreased Ca 2ϩ influx.
